Phosphate plays many essential roles in our body. To accomplish these functions, serum phosphate needs to be maintained in a certain range. 
Introduction
Phosphate plays several essential roles in our body. 1 Phosphate is necessary for proper mineralization of bone as a constituent of hydroxyapatite crystal. In addition, several phosphorylated proteins like osteopontin and dentin matrix protein 1 (DMP1) have been shown to regulate bone mineralization. 2 Phosphate is also a constituent of biomembranes and nucleic acids. Furthermore, many phosphorylated metabolites such as adenosine triphosphate, 2,3-diphosphoglycerate, glucose-6-phosphate and phosphorylated proteins are necessary for diverse actions of all cells such as energy metabolism, differentiation, proliferation and specific function of differentiated cells. In order to accomplish at least some of these functions, it seems to be necessary that concentration of extracellular phosphate is maintained in a certain range. Actually, hypophosphatemia can cause several abnormalities like muscle weakness, rhabdomyolysis, consciousness disturbance and rickets/osteomalacia characterized by impaired mineralization of bone matrix. On the contrary, hyperphosphatemia can result in ectopic calcification. Although it is not entirely clear how intracellular phosphate level is regulated, extracellular phosphate seems to affect it to a certain degree as hypophosphatemia is known to induce tissue hypoxia by lowering 2,3-diphosphoglycerate level in red blood cells. 3 Serum phosphate level is regulated by several hormones including parathyroid hormone (PTH), 1,25-dihydroxyvitamin D (1,25(OH) 2 D) and fibroblast growth factor 23 (FGF23). In this review, regulatory mechanisms of serum phosphate and disorders of phosphate and vitamin D metabolism are summarized with emphasis on the contribution of FGF23.
Phosphate Metabolism
There are several hundred grams of phosphate in adult human body. Approximately 85% of phosphate is present in bone or teeth as hydroxyapatite and B15% is present within cells. Therefore, extracellular inorganic phosphate is o1% of total phosphate. 4 Serum phosphate is maintained by intestinal phosphate absorption, renal phosphate handling and equilibrium of extracellular phosphate with that in bone or intracellular fluid (Figure 1) . In healthy adults, several hundred milligrams of phosphate are daily absorbed in intestine and nearly the same amount is excreted into urine, thereby maintaining phosphate balance. 1 It is not clear how this balance is maintained. Although intestinal phosphate was reported to rapidly modulate renal phosphate handling, 5 the responsible signals for this regulation of renal phosphate handling are unidentified. In addition, there is a movement of several hundred milligrams of phosphate per day between extracellular fluid and intracellular pool or bone ( Figure 1 ). Phosphate shift into cells is enhanced by insulin and respiratory alkalosis, and occurs within minutes to hours. Respiratory alkalosis is considered to enhance glycolysis by increasing intracellular pH and cause uptake of phosphate by cells. This shift of phosphate into cells is less evident in metabolic alkalosis. In contrast, serum phosphate level is mainly regulated by renal handling of phosphate in a chronic state. In renal proximal tubules, 80-90% of phosphate filtered through glomeruli is reabsorbed by type 2a and 2c sodium-phosphate cotransporters. 6 These cotransporters are expressed in brush border membrane of proximal tubular cells. The expression levels rather than the activity of the expressed transporters are considered to regulate proximal tubular phosphate reabsorption.
Several studies indicate that there is a circadian rhythm of serum phosphate. 7, 8 Phosphate peak is observed after midnight, between 0200 and 0400 h, and the lowest phosphate is seen between 0800 and 1000 h. Because prolonged fasting abolished nocturnal peak of phosphate, 7, 8 intestinal phosphate absorption contributes to this circadian change of serum phosphate. However, changes of PTH, growth hormone, 1,25(OH) 2 D or FGF23 cannot fully explain the circadian rhythm of phosphate and the mechanism of this diurnal variation remains to be clarified. 7, 9, 10 Regulatory Mechanisms of Serum Phosphate Level PTH. Several hormones regulate serum phosphate levels. PTH and 1,25(OH) 2 D are considered to be calciotropic hormones. Ionized Ca concentration is the primary determinant of PTH secretion in subjects with normal renal function. Ionized extracellular Ca modulates PTH secretion and synthesis through Ca-sensing receptor. 11 However, phosphate also modulates PTH synthesis especially in patients with chronic kidney disease. It was shown that phosphate enhances PTH production by posttranscriptionally stabilizing PTH mRNA. 12 PTH reduces serum phosphate by decreasing the abundance of type 2a and 2c sodium-phosphate cotransporters by promoting their internalization in proximal tubular cells. 13 Therefore, there seems to be a negative feedback between serum phosphate and PTH production ( Figure 2 ), although it is not clear whether this feedback is important in subjects with normal renal function. PTH also enhances production of 1,25(OH) 2 D and FGF23 that can regulate serum phosphate as shown below.
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1,25(OH) 2 D. Intestinal phosphate absorption is mediated by both transcellular and paracellular routes. The 1,25(OH) 2 D increases intestinal transcellular phosphate absorption at least in part by enhancing expression of type 2b sodium-phosphate cotransporter. 17 Although vitamin D-responsive elements were reported in human genes encoding type 2a and 2c sodiumphosphate cotransporters, 18 1,25(OH) 2 D was shown to rather decrease expression of renal sodium-phosphate cotransporter in a certain experimental condition. 19 In addition, phosphate deprivation enhanced expression of type 2a sodiumphosphate cotransporter in the kidneys of both wild-type and vitamin D receptor-null mice. 20 Therefore, it has not been established whether 1,25(OH) 2 D has a physiologically essential role in the regulation of renal phosphate reabsorption. The 1,25(OH) 2 D works to increase serum phosphate mainly by enhancing intestinal phosphate absorption and phosphate suppresses 1,25(OH) 2 D production. [21] [22] [23] [24] Therefore, there is another negative feedback system between phosphate and 1,25(OH) 2 D. The 1,25(OH) 2 D also suppresses synthesis of PTH and enhances FGF23 production. 25, 26 FGF23. FGF23 is produced by osteocytes and osteoblasts. Human FGF23 produces a peptide with 251 amino acids. There is a signal peptide with N-terminal 24 amino acids and secreted full-length FGF23 is considered to comprise 227 amino acids.
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FGF23 has a FGF homology region with b-trefoil structure as other members of FGF family in its N-terminal portion. There are 22 members of FGF family and these FGF family members are divided into several subfamilies. FGF23 belongs to FGF19 subfamily together with FGF19 and FGF21. 28 30 In contrast, C-terminal assay detects both fulllength and processed C-terminal fragment of FGF23. 31 The performance of these assays is not the same, 32, 33 and these assays can produce completely discrepant results in some particular cases. 34 Therefore, results obtained by one assay may not be always reproducible by other assays.
FGF23 is considered to bind to FGF receptor-Klotho complex to exert its function. 35 25, 26 In addition, oral phosphate administration increases FGF23 level in both humans and animals. 38, 39 However, it has not been shown that phosphate directly modulates FGF23 expression so far. It was reported that increase or decrease of serum phosphate did not alter FGF23 levels during several hours, indicating that there is no acute regulation of FGF23 by phosphate. 40 On the other hand, FGF23 levels are low in patients with chronic hypophosphatemia such as Fanconi syndrome, 41 and it was shown that serum phosphate can regulate FGF23 level. 39 These results suggest that phosphate chronically regulates FGF23 production. In addition, FGF23 was shown to inhibit both production and secretion of PTH. 42 Therefore, there are multiple negative feedback loops involving 1,25(OH) 2 D, PTH, FGF23 and phosphate ( Figure 2) . Furthermore, as calciotropic hormones, 1,25(OH) 2 D and PTH levels are also regulated by serum Ca and it is suggested that Ca enhances FGF23 production. 43 Although there remain several unanswered questions regarding the regulatory mechanisms of the production of these hormones, serum phosphate level seems to be maintained at least in part by these feedback loops.
Other Regulators
In addition to these hormones, glucocorticoid suppresses and growth hormone enhances renal phosphate reabsorption, respectively, by modulating expression of sodium-phosphate cotransporters. 44, 45 Furthermore, intestinal phosphate absorption, renal phosphate handling and shift of phosphate can happen independently of these hormone actions. For example, ingestion of a large amount of phosphate can increase serum phosphate by increased phosphate absorption through paracellular route. In addition, proximal tubular damage can cause phosphaturia and hypophosphatemia as seen in patients with Fanconi syndrome. Therefore, although there is a hormonal negative feedback system that maintains serum phosphate in a certain range, dysregulation of this feedback system as well as hormone-independent deranged phosphate handling in several organs can result in abnormal phosphate levels.
Regulation of Vitamin D Metabolism by Phosphate and FGF23
Conversion of 25(OH)D to 1,25(OH) 2 D is the key step in the production of 1,25(OH) 2 D and is tightly regulated by several factors. It is well known that PTH enhances 1,25(OH) 2 D synthesis and 1,25(OH) 2 D itself inhibits its own production. 46 In addition, although the detailed molecular mechanism is not clear, it was shown that phosphate depletion enhances and conversely hyperphosphatemia suppresses 1,25(OH) 2 D production. [21] [22] [23] [24] Furthermore, hypercalcemia reduces 1,25(OH) 2 D synthesis. 47 Klotho mice were created by transgenic method and show severely reduced expression of Klotho. 48 Klotho and FGF23-null mice show similar phenotypes such as hyperphosphatemia, high 1,25(OH) 2 D level and ectopic calcification. 48, 49 These similar phenotypes can be explained by the findings that Klotho works as a coreceptor for FGF23. 35, 36 These mice provide unique opportunity to consider the regulatory mechanism of 1,25(OH) 2 D production. Namely, these mice show hyperphosphatemia, hypercalcemia and low PTH. All these factors are expected to suppress 1,25(OH) 2 D production. However, these mice show quite high level of 1,25(OH) 2 D and enhanced expression of CYP27B1. 49, 50 These results indicate that the suppressive action of FGF23 is dominant over inhibitory effects of hyperphosphatemia, hypercalcemia and low PTH on 1,25(OH) 2 D production. Therefore, deficient action of FGF23 causes hyperphosphatemic diseases with high 1,25(OH) 2 D levels as observed in Klotho and FGF23-null mice. Conversely, excess action of FGF23 results in hypophosphatemic diseases with relatively low 1,25(OH) 2 D as shown below.
Disorders of Phosphate and Vitamin D Metabolism
Vitamin D was discovered as an antirachitic factor. However, it was known that vitamin D cannot cure all kinds of rickets. Vitamin D-resistant rickets is a somewhat ambiguous name. It can indicate rickets that is not cured by native vitamin D. In this sense, vitamin D-resistant rickets can include various diseases such as vitamin D-dependent rickets type 2 caused by inactivating mutations in vitamin D receptor in addition to X-linked hypophosphatemic rickets (XLHR). 51 On the other hand, vitamin D-resistant rickets is sometimes used as a synonym for XLHR partly because this disease is the most frequent cause of vitamin D-resistant rickets. 52 However, since the identification of FGF23, several kinds of rickets with similar clinical and biochemical features to XLHR were shown to be caused by excess actions of FGF23.
Responsible genes for XLHR, autosomal dominant hypophosphatemic rickets and autosomal recessive hypophosphatemic rickets 1 and 2 are phosphate-regulating gene with homologies to endopeptidases on the X chromosome (PHEX), FGF23, dentin matrix protein 1 (DMP1) and ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), respectively. 53 These types of hypophosphatemic rickets are characterized by impaired renal tubular phosphate reabsorption, low to normal 1,25(OH) 2 D and high circulatory FGF23 levels. Measurement of FGF23 was shown to be useful for the differential diagnosis of these FGF23-related hypophosphatemic diseases and other causes of chronic hypophosphatemia. 41 Although overexpression of FGF23 in bone is considered to cause high FGF23 in these diseases, it is largely unknown how mutations in these genes result in enhanced production of FGF23. In addition to these congenital hypophosphatemic rickets, hypophosphatemic rickets/osteomalacia associated with McCune-Albright syndrome/fibrous dysplasia, tumor-induced osteomalacia and hypophosphatemic disease caused by intravenous administration of Phosphate and vitamin D S Fukumoto saccharated ferric oxide or iron polymaltose are also caused by excess actions of FGF23 and associated with elevated FGF23. 53 Recently, mutations in family with sequence similarity 20, member C (FAM20C) were shown to cause hypophosphatemic disease with high FGF23 levels. 54 Inactivating mutations in FAM20C have been known to cause Raine syndrome characterized by osteosclerotic bone dysplasia. 55 Although Raine syndrome was originally reported to be a lethal disease, 55 it became clear that there are some surviving patients. 56 In addition, mice that lack FAM20C were shown to present hypophosphatemic rickets with high FGF23. 57 A patient with compound heterozygous mutations in FAM20C was reported to show hypophosphatemia and osteosclerosis without rickets. 54 Therefore, dysfunction of FAM20C seems to cause different phenotypes in mice and humans. However, these results suggest that FAM20C is involved in both mineralization of bone and regulation of FGF23 production.
In contrast to these hypophosphatemic diseases, deficient action of FGF23 causes hyperphosphatemic familial tumoral calcinosis characterized by enhanced tubular phosphate reabsorption, high 1,25(OH) 2 D and ectopic calcification. Three genes, UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3), FGF23 and Klotho, were identified as responsible genes for hyperphosphatemic familial tumoral calcinosis. 53 Of these, mutations in GALNT3 and FGF23 cause impaired secretion of full-length FGF23 and low circulatory level of full-length FGF23. In contrast, a mutation in Klotho was reported to result in resistance to FGF23 and this patient showed high full-length FGF23 level. These diseases caused by aberrant actions of FGF23 indicate that FGF23 is a physiological regulator of vitamin D and phosphate metabolism.
Conclusion
The 1,25(OH) 2 D can regulate serum phosphate level either directly or indirectly through modulating expression of FGF23 as well as working as a calciotropic hormone. Therefore, phosphate and vitamin D metabolism are highly interconnected. However, there still remain several important unanswered questions. Especially, we do not know the detailed mechanisms by which phosphate regulates production of 1,25(OH) 2 D and FGF23. In addition, it is not clear either how phosphate is sensed in our body. Still, recent findings concerning phosphate metabolism and diseases with abnormal phosphate levels created new perspective of vitamin D metabolism and actions.
